Abstract We performed consecutive field trials of rice cultivation to reduce radiocesium ( 134 Cs and 137 Cs) absorption by rice in a partially decontaminated paddy soil in the Iitate Village in Fukushima prefecture, Japan. People had evacuated this area because of the high levels of radioactive contamination caused by the nuclear disaster in 2011 at the Fukushima Daiichi Nuclear Power Station, Tokyo Electric Power. The radiocesium concentrations were measured for paddy soil and for lowland rice grown on variously decontaminated paddy soil in 2012 and 2013. The results show that the radiocesium concentration in the brown rice cultured in the fields of Sasu and Maeda with 2000-6000 Bq/kg dry weight (0-15 cm average soil depth) was below 40 Bq/kg, which is below the Japanese new standard for food (100 Bq/kg). In addition, the radiocesium concentration in the brown rice depended on the decontamination level of the paddy soil. In addition, the radiocesium concentration in the rice was reduced depending on the exchangeable K content of the soil, which plateaued around 20 mg K 2 O per 100 g dry soil. However, in 2013, in a test field of Komiya where the radiocesium concentrations were higher than 8000 Bq/kg dry weight, brown rice with more than 100 Bq/kg was harvested, indicating the need for further decontamination. Overall, our results show that decontamination and additional K fertilization can reduce the radiocesium concentration in rice to less than the new standard, and that we could resume rice cultivation in the Iitate village by rather practical way.
Introduction
Rice is the most important crop in Japan. The Fukushima Daiichi nuclear accident in March 2011 caused radioactive material to spread out and down onto farm lands from the Fukushima Daiichi Nuclear Power Plant of Tokyo Electric Power, particularly in Fukushima prefecture. In the Iitate Village, Fukushima prefecture, people are still prohibited to live at home and to cultivate rice on their farms. It is an important issue for them to judge whether they can resume rice cultivation in the village within the next few years. Radiocesium ( 134 Cs and 137 Cs) is assumed to be the radioactive material of most concern at present, considering the quantity released and its half-life. In 1997, Tsukada et al. (2002 Tsukada et al. ( , 2005 performed experimental cultivation of rice in the Rokkasyo Village in Aomori prefecture and measured 137 Cs in the soil and in rice parts. The 137 Cs level for the dry soil was 4.4 Bq/kg and the most was assumed to have derived from the many atmospheric atomic bomb experiments performed during the 1950s and 1960s. They reported that the 137 Cs radioactivity in dry white rice was 0.0048 Bq/kg. From these values, the transfer factor of 137 Cs for white rice from soil was calculated to be 0.0011. Uchida and Tagami (2007) reported the transfer factors of 137 Cs for brown rice cultivated in all of Japan to be 0.003-0.06 before the Fukushima disaster in 2011.
After the disaster, Ohmori et al. (2014) examined the effect of fertilization on the radiocesium concentration in rice grown in a paddy field in Kawamata-cho in Fukushima prefecture, and they revealed that excess N and K deficiency increased radiocesium accumulation in rice from the soil. Nobori et al. (2014) investigated the effect of K on the behavior of 137 Cs in hydroponically cultured rice plants and showed the importance of maintaining an appropriate K concentration before ear emergence to avoid 137 Cs contamination of the rice grains. In addition, in the confirmatory fieldwork, the Ministry of Agriculture, Forestry and Fisheries (MAFF 2012) reported that the radiocesium concentrations of brown rice cultivated in decontaminated paddy soils (Komiya and Kusanomukaioshi districts in the Iitate Village) were below 13 Bq/kg, but their relationship to the radiocesium concentrations in the soil was not clarified. Furthermore, the Fukushima prefecture agency and MAFF (in January 2013) and MAFF et al. (in March 2014) investigated the relationships between the radiocesium concentrations in brown rice and soil and the exchangeable K concentration in the soil and showed that the radiocesium concentrations in brown rice are negatively related to the concentrations of exchangeable K in soil. However, they also concluded that no clear relationship was observed between the radiocesium concentrations in brown rice and those of the soils where the rice was cultivated. Thus, we investigated the relationship between the radiocesium concentrations in the soil and in brown rice grown in variously decontaminated soils in test fields with and without K addition.
The approved specified NPO "Resurrection of Fukushima" (ROF; www. fukushima-saisei.jp/) is a volunteer organization that aims to rebuild lives and reconstruct agriculture-centered industries that have been affected by the nuclear power plant accident. The activities started by focusing on the Iitate Village in 2011 in collaboration with the villagers (Fig. 6 .1) and with assistance from the Graduate School of Agricultural and Life Sciences, University of Tokyo. The collaboration was facilitated by letter exchanges between the village head and the director of the faculty. One of the most important activities was that we annually cultivated rice in 2012, 2013, and 2014 in the Iitate Village, focusing on radiocesium in brown rice in relation to the level of decontamination of soil cultivated, with or without the addition of KCl fertilizer. The Sasu test fields were partially decontaminated in April 2012 by irrigating a paddy field with water to approximately 5-cm depth with rotary weeding tools, and the muddy water was then swept out (Mizoguchi 2013 , Resurrection of Fukushima 2012 .
Experimental Rice Cultivation Procedures in 2012
The Sasu test fields were divided into fields A, B, C1, C2, and D, depending on the extent of decontamination. Each test field was divided into N (without additional KCl fertilizer) and K (with additional KCl fertilizer). The decontamination treatments were performed as follows: Three cycles of shallow irrigation with rotary weeding tools and then drainage with a tennis court brush (0.5 acres) B:
One cycle of shallow irrigation with rotary weeding tools and then drainage with a tennis court brush (3.3 acres) C1: Two cycles of shallow irrigation with a rotary weeding machine and then natural drainage (1.6 acres) C2: One cycle of shallow irrigation with a rotary weeding machine and then natural drainage (5.2 acres) D:
No shallow irrigation (1.4 acres).
The Maeda test fields were divided into IA, IB, and IC with plowing and irrigating an approximately 15-cm depth soil.
Rice seedlings of Akitakomachi were planted in Sasu and Maeda fields as shown in Fig. 6 .2. Before planting, basal fertilizer (12N:18P:16K:4Mg; weight % as N, P 2 O 5 , K 2 O, and MgO) was mixed with the plowed soil at 40 kg per 10 acres in Sasu test fields. In Maeda test fields, basal fertilizer (10N:8P:8K:2Mg) was mixed with the plowed soil at 40 kg per 10 acres. The K fertilizer was added as KCl (20 kg per Water was introduced to the test fields from a brook; the bottom water was blocked from entering. On rainy days, water was blocked from entering the Sasu test fields. For the Maeda test fields, bags of absorbent (Zeolite) were set at water entry points. The herbicide Sornet (Syngenta) was applied 1 week after rice planting. Electric nets were set to protect the fields from boar and monkey damage. Rice was harvested in mid-October in 2012. Figure 6 .3 shows the test fields of Sasu (a) and Maeda(b) in October. Rice sampling was performed at the dough stage on September 15-16 and at the mature stage on October 6-7. Following a five-point sampling procedure, five sampling points were assigned to each test field, and 10-20 sheaves of rice plant were then cut and collected ( Fig. 6.4a ). The bundles of rice were dried indoors for more than 1 week, and then the rice bundles from each test point were collected and threshed with an old-fashioned thresher (Fig. 6 .4b) to give one unhulled rice sample for each test field. The unhulled rice was sent to "Circle Madei" (Fig. 6 .5), a volunteer employee and student group at Tokyo University that collaborates with ROF to prepare samples for radioisotope measurement. The brown rice was prepared from the unhulled rice, using a hulling machine ( Fig. 6 .6a) and white rice and rice bran were prepared from the brown rice, using a rice polisher ( Fig. 6.6b ). The radiocesium measurements were performed at the Radioisotope Center, using a Ge semiconductor detector (GEM and GMX type; Seiko EG&G) for rice samples in 250 ml containers, and a NaI (Tl) Scintillation counter (2480WIZARD2 Autoγcounter; Perkin Elmer) for soil samples in 20 ml vials (Nobori et al. 2013) . The value of the soil was corrected per dry weight by measuring the soil weight after drying the soil at 60 C for more than 6 days.
Results of Experimental Cultivation in 2012
6.3.1 Radiocesium Concentrations of Brown Rice and Soil The brown rice measurements show that the radiocesium concentration from either stage was less than 40 Bq/kg. In the KCl fertilized fields (AK, BK, C1K, C2K, and DK), the concentrations were below 25 Bq/kg. The transfer factors for brown rice were 0.002-0.008, whereas those in the KCl fertilized field were 0.002-0.003 at the dough stage and 0.003-0.004 at the mature stage. .11 shows the relationship between the radiocesium concentration in brown rice at the mature stage and that of the soil cultivated in the test field of Sasu for each group with KCl fertilizer (K) and with no KCl added (N). In both groups, the radiocesium concentration of brown rice tended to increase as the radiocesium concentration in the soil increased. A significant difference test of the correlation coefficient shows a significant p-value (0.032) for a group with only basal fertilizer added, but a non-significant p-value (0.057) for a group with KCl fertilizer added (at the significant test level of 0.05). The inhibitory effect of KCl fertilizer on radiocesium in brown rice was clear ( p ¼ 0.026; t-test, n ¼ 5). The radiocesium concentration in brown rice at the mature stage was approximately 10 % higher than that from the dough stage (Fig. 6.8) . The reason for this is unknown. (Ii et al. 2015) . Test fields are shown in Fig. 6 .2
Radiocesium in dry soil Bq/kg) Fig. 6.9 The concentration of radiocesium in the soil (15 cm average depth) in 2012 (Ii et al. 2015) . Test fields are shown in Fig. 6.2 . The bar for IABC shows the SD of three soil samples (IA, IB, and IC)
Analyses of Exchangeable Cations in Soil from the Test Fields
The soils measured for radiocesium were also analyzed for exchangeable cations using ICP-OES (Optima 7300DV) after extracting the dry soil with 1 M ammonium acetate solution at room temperature for 24 h. The results are shown in Fig. 6 .12.
The fields with added KCl (AK, BK, C1K, C2K, and DK) had higher exchangeable K than the corresponding fields without KCl addition (A, B, C1, C2, and D), respectively. However, there were significant differences between the test fields; for example, the exchangeable K content of A was much higher than for B, C1, C2, and D. All measured cation contents in the test fields of Maeda were much lower than those of Sasu. This is assumed to be because of the much higher sand content in the Madea field soil (IA, IB, and IC). This is also considered to be one of the causes of low rice yields in the Maeda test fields. Figure 6 .13 shows the relationship between the radiocesium concentration in brown rice at the mature stage and exchangeable K in the soil in the Sasu test fields. A higher exchangeable K resulted in a significantly lower radiocesium concentration in cultivated brown rice. The radiocesium concentration in brown rice was below 10 Bq/kg when the exchangeable K content was higher than 20 mg/100 g dry soil (mg as K 2 O). This indicates that maintaining exchangeable K content in soil higher than 20 mg/100 g is extremely important for reducing the radiocesium concentration of cultivated brown rice. This is consistent with the directive of National Agriculture and Food Organization (NARO 2012). The transfer factor of radiocesium in brown rice to that in soil was 0.003-0.004 when the exchangeable K content in soil was higher than 20 mg/100 g. This is consistent with the lower range of reported values by Uchida and Tagami (2007) .
Radiocesium Concentration in White Rice and in Rice Bran
Figure 6.14 shows the radiocesium concentrations in white rice and in rice bran prepared from the brown rice from each test field. The concentration in white rice was below half the value of brown rice and all were lower than 10 Bq/kg. The radiocesium concentrations in rice bran were more than double than that in brown rice. The values in some fields (C2, D, and IABC) were higher than 100 Bq/kg, although others harvested from partially decontaminated fields (A, B, and C1) and from KCl added fields were below 100 Bq/kg (the new standard for food in April 2012). Thus, the 2012 field trials suggest that rice cultivation in the Iitate Village is feasible by reducing soil radiocesium by decontamination using shallow soil mixing and drainage, and by addition of KCl together with basal fertilizer. 
Experimental Cultivation of Rice in 2013
In addition to Sasu and Maeda test fields in 2012, an experimental cultivation was performed in Komiya test fields (N37 37 0 , E140 46 0 ) in Komiya district (Fig. 6.15a, b) and in "Sasu Madei" test fields located to the eastern side of the Sasu test fields in 2012 (Fig. 6.15c ) . Table 6 .1 shows a list of the test fields, treatment methods, test field names, and whether KCl was added or not. The straw harvested in 2012 (approximately 80 kg/acre) was plowed into some of the test fields (WC and W) because straw contains high K and other nutrients and is generally recycled into the soil after rice harvest to keep the soil fertilized.
Rice cultivation at Sasu and Maeda was performed in a similar way to that in 2012, using Akitakomachi rice seedlings with some modifications. Briefly, basal fertilizer 12N:18P:16K:4Mg (40 kg per 10 acres) was applied to all the test fields and KCl (20 kg per 10 acres) was applied to the test fields affixed with K in early June. Rice was planted in mid-June (Fig. 6.16 ) and then harvested in mid-October (Fig. 6.17) . In the Komiya test fields, basal fertilizer 12N:18P:16K:4Mg (40 kg per 10 acres) was added in mid-May. Rice planting and KCl (20 kg per 10 acres) addition to K affixed test fields was performed in late May. The rice was harvested in early October. Rice sampling at the mature stage was performed at Sasu and Maeda in mid-October and at Komiya in early October. Measurements of radiocesium were performed the same way as those in 2012, except that rice bran was measured using an NaI(Tl) scintillation counter with 20 ml vials. Figure 6 .18 shows the radiocesium concentrations of brown rice sampled at the mature stage and Fig. 6.19 shows the radiocesium concentrations of soil (0-15 cm average depth) for each test field. The radiocesium transfer factor for each test field is shown in Fig. 6 .20 and was calculated from the data in Figs. 6.18 and 6.19 . Soil sampling at Komiya was performed from N sections and K sections together. In the test field of Maeda, soil sampling was not performed. In Komiya test fields, the radiocesium concentrations in the soil were high. This is due to high radiocesium concentrations before decontamination (around 14,000 Bq/kg dry soil measured in May 2013) and because the decontamination method of deep irrigation was not as effective as the shallow irrigation method performed at Sasu test fields in 2012. Furthermore, the differences in the radiocesium concentrations between S0, S1, and (Fig. 6.19) were less than the differences before planting the rice, which was probably due to soil transfer between the test fields and influx of radiocesium from the brook water (Nemoto and Abe 2013) .
In the Sasu test fields, the radiocesium concentrations were 1500-4000 Bq/kg and in a similar order to those in 2012 ( Fig. 6.9 ; ABN, ABK < WBN, WBK < CDN, CDK), although they were generally approximately 20 % lower than in 2012. No significant increase in the radiocesium concentrations occurred for the soil in the WBN and WBK treatments that contained the plowed straw harvested in 2012.
In "Sasu Madei" test fields, the radiocesium concentrations of the soils were 200-600 Bq/kg, except for a test field of HK (southern corner field), showing that (Ii et al. 2015) . Refer to the legend of Fig. 6 .18 for details of the test fields the "Madei Method" of stripping co. 5 cm surface soil was effective at reducing the radiocesium concentration. The radiocesium concentration of brown rice from the test fields in Komiya were 35-101 Bq/kg. The S3N and S3K fields showed lower values than the corresponding fields S0N, S0K and S1N, S1K. Addition of KCl reduced radiocesium accumulation in brown rice in S3 and S0, but not in S1. The reason for high radiocesium concentrations in S1K is unclear. In the Maeda test fields, there was a clear effect of added KCl (33-11 Bq/kg). In the fields of Sasu, ABN and ABK had 4 Bq/kg and WCB had 12 Bq/kg, whereas WCK had 8 Bq/kg. The CDN had 26 Bq/kg, whereas CDK had 9 Bq/kg. The reducing effect of KCl addition on the radiocesium concentrations in brown rice was observed in five test fields, excluding S1 in Komiya and AB. In "Sasu Madei", all were below 7 Bq/kg.
The transfer factor for brown rice from Komiya and Sasu was 0.002-0.01 (Fig. 6.8) . The reducing effect of KCl addition was clear, except for Komiya S1 field.
Radiocesium Concentrations of White Rice and Rice
Bran in 2013 Komiya had 15-53 Bq/kg, whereas white rice from Maeda had 15 Bq/kg in the field without KCl addition (N) and 5 Bq/kg in the field with KCl addition (K). White rice from CDN in Sasu was 10 Bq/kg, and white rice from the other test fields were below the detection limit. Rice bran from Maeda and Sasu both had a maximum of 77 Bq/kg, which is below the new standard for food; however, rice bran from Komiya exceeded this standard.
Conclusive Remarks
We performed field trials of rice cultivation in partially decontaminated paddy fields in the Iitate Village in Fukushima prefecture in 2012 Fukushima prefecture in , 2013 Fukushima prefecture in , and 2014 . The results of 2012 and 2013 show that suitable decontamination and addition of KCl can reduce the radiocesium concentrations in brown rice to values much lower than the safety standard for food in Japan (100 Bq/kg). This trend is consistent with results in 2014, which are not detailed here. The rice harvested in 2012 and 2013 was not for consumption because it was a trial, even though it satisfied the standard levels. However, the members of ROF enjoyed eating the rice harvested at Sasu in 2014, after confirmation that the radiocesium concentration was below 25 Bq/kg based on both our measurement of rice samples and the results from the Fukushima prefecture screening test of all bags of brown rice harvested in 2014. The members of ROF will continue to cultivate rice in the Iitate Village with the villagers to rebuild lives and reconstruct agriculture-centered industries.
